Introduction {#sec1}
============

Self-assembled monolayers (SAMs) of the *n*-alkanethiols on Au(111) have been intensively studied in the last 35 years^[@ref1],[@ref2]^ for their diverse applications, primarily in electronics,^[@ref3]^ surface modification,^[@ref4]^ nanotechnology,^[@ref5]^ and chemical sensing.^[@ref6]^ A detailed understanding of the three regions of the SAM (Au/S interface, molecular backbone, and molecule/air interface) is important to better control the SAM structure for its applications.^[@ref5]^ Both experimental and simulation techniques have been used to study the structure of the SAMs and to understand the influence of the structure on the SAM properties.^[@ref7],[@ref8]^ The Au/S interface is the least understood part of SAMs compared to the other two regions.^[@ref9]^ There is no general agreement regarding the atomic structure of the Au/S interface beyond the basic (2√3 × 3) rectangular symmetry.^[@ref10]−[@ref13]^ Several Au/S interface models have been proposed, but none of them satisfy all the experimental observations.^[@ref14],[@ref15]^ Density functional theory (DFT) studies have found the bridge-fcc site and the staple motif to be the two most energetically favorable adsorption structures on the Au(111) substrate.^[@ref16]−[@ref18]^ The staple motif requires complex reconstruction of the substrate that involves adatoms,^[@ref19],[@ref20]^ while the bridge site does not.^[@ref16]^ In our work, we focus our discussion on the simpler bridge site and the resultant substrate relaxation in the absence of complex substrate reconstruction. Our motivation is to better understand the azimuthal orientation of the S--C bond, which influences the alkyl chain packing in SAMs.^[@ref21]^ Throughout our discussion, we adopt the convention of referring to the adsorbate by the precursor, methanethiol. This sidesteps assignment of the chemical nature of the adsorbate, which can have characteristics spanning a thiyl (radical) to a thiolate (anion).^[@ref9],[@ref22]^

The minimum energy position of the thiol S atom for adsorption at the bridge site is offset from the bridge site toward the fcc 3-fold hollow site (bridge-fcc) with the S--C bond azimuth toward the hcp 3-fold hollow site (hereafter, hcp-oriented). A second analogous minimum occurs on the opposite side at the bridge-hcp site with the S--C bond azimuth toward the fcc 3-fold hollow site (hereafter, fcc-oriented). Previous studies of these two sites found the bridge-hcp site to be 30 meV less favorable than the bridge-fcc site.^[@ref17]^ In our work, we find a slightly smaller energy difference of 26.1 meV, which we presume is due to inclusion of the dispersion correction. The asymmetry between these sites extends beyond the orientation of the S--C bond. The bonding at the S atom was also found to be asymmetric as indicated by the different polar angles of the S--C bond---the angle between the surface normal and the S--C bond, 43.2° for the bridge-fcc site and 51.3° for the bridge-hcp site.^[@ref16]^ Because the energy difference between these two sites is on the order of *kT* at room temperature, both sites could be candidates for the SAM Au/S interface or play a role in SAM growth and surface diffusion. In this paper, we study the effect of the substrate relaxation on the asymmetry of the bridge-fcc and bridge-hcp sites.

The bridge site is one of the simple adsorption sites on the Au(111) substrate. The top-down view of a bridge-adsorbed sulfur atom is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The sulfur atom is bonded to two surface Au atoms (Au~1~ and Au~2~) along the \[1̅10\] direction. In the perpendicular \[112̅\] direction, the fcc 3-fold hollow site is to the left of the bridge site and the hcp 3-fold hollow site is to the right, denoted by the red and blue triangles, respectively. The bridge site does not have a mirror plane along the \[1̅10\] or a *C*~2~ axis because the fcc and hcp 3-fold hollow sites are symmetry inequivalent (fcc-hcp asymmetry). However, the bridge site has a mirror plane parallel to the \[112̅\] direction (bridge-site mirror plane) such that Au~1~ and Au~2~ are symmetry equivalent. We examine the bridge-site mirror plane symmetry during the substrate relaxation and find that the symmetry is preserved for the bridge-fcc site and approximately preserved for the bridge-hcp site.

![Top-down view of the simulation box showing the bridge site studied with an adsorbed S on Au(111). The S atom is on the mirror plane (dashed line) provided by the bridge site. The top layer Au atoms are shown here. The fcc and hcp 3-fold hollow sites are identified by the red and blue triangles, respectively. The S atom is bonded to the substrate via Au~1~ and Au~2~ bridging atoms. The crystallographic directions are shown on the edge of the unit cell (gray border) along with the coordinate system used for the DFT computations. Specifically, the crystallographic \[112̅\] direction is aligned with the DFT +*x* coordinate direction, the \[1̅10\] with +*y*, and the \[111\] with +*z*.](ao0c02328_0002){#fig1}

The effect of the substrate relaxation on the asymmetry of these two sites has not been previously studied. We have chosen methanethiol as the adsorbate to explore the substrate relaxation for bridge-fcc and bridge-hcp adsorption sites. In this paper, we study the asymmetry of the adsorption energy for two S--C bond orientations on the unrelaxed and relaxed Au(111) surfaces. We first explore the asymmetry of the adsorption energy on the position of the adsorption site along the line through the bridge site between the fcc and hcp 3-fold hollow sites. Then, we study the relaxation of the bare Au(111) substrate followed by the relaxation induced by the methanethiol initially adsorbed at the bridge site as it relaxed into the bridge-fcc and bridge-hcp sites.

Results and Discussion {#sec2}
======================

Before looking at the Au surface relaxation, we get a picture of the inherent bridge-site asymmetry by studying the position-dependent adsorption energy on unrelaxed Au. Then, using the bare Au relaxation as our baseline, we compare the additional asymmetry induced through the substrate relaxation for the minimized energy bridge-fcc and bridge-hcp sites. Finally, we compare the molecular geometry to further analyze the asymmetry between the bridge-fcc and bridge-hcp sites.

We consider two sets of simulations to probe the inherent fcc-hcp asymmetry of the bridge site on unrelaxed Au(111) and the effect of the S--C bond orientation. We study the system energy of the adsorption sites at discrete positions along a path from the fcc 3-fold hollow site to the hcp 3-fold hollow site through the bridge site on the unrelaxed substrate ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). One set is with the S--C bond hcp-oriented (red line) and the other with the S--C bond fcc-oriented (blue line). Each set shows a single minimum on opposite sides of the bridge site. The lowest energy in this series is achieved with the S--C bond being hcp-oriented and the S atom displaced from the bridge site toward the fcc 3-fold hollow site by 1/4 of the distance between the bridge and hollow sites (fcc-1/4). The equivalent lowest energy position with the S--C bond fcc-oriented and the S atom displaced from the bridge site toward the hcp 3-fold hollow site by 1/4 of the distance between the bridge and hollow sites (hcp-1/4). The fcc-1/4 is favored over the hcp-1/4 by 8.5 meV. In this series, both sites are very close to the energy-minimized structures obtained when the system is allowed to relax without constraints: the bridge-fcc and bridge-hcp. When the S atom is allowed to optimize its position on the surface, the system finds the bottom of these two curves where the energy difference between the bridge-fcc and bridge-hcp reduces to 8.1 meV ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The energy difference between the two sides of the bridge site is inherent to the bridge-site bonding because the substrate is unrelaxed. The energy of the system strongly depends on the orientation of the S--C bond, even for high-symmetry 3-fold hollow sites. The energy difference between the two S--C bond orientations exactly at the bridge site is 11.1 meV, which is about three times less than the energy differences at the fcc 3-fold hollow site (35.3 meV) and at the hcp 3-fold hollow site (33.0 meV). The observed energy difference for adsorption exactly on the bridge site demonstrates that the subsurface layers influence the electronic structure at the surface.

![Energy for adsorption sites along the path from the fcc 3-fold hollow site to the hcp 3-fold hollow site for two orientations of the S--C bond is shown. Color-coded adsorption sites are shown in the inset. The energy shows strong dependence on the S--C bond orientation. The most stable configuration is the fcc-1/4. The hcp-1/4 is 8.5 meV less favorable than the fcc-1/4.](ao0c02328_0003){#fig2}

###### Comparison of the System Energy for the Energy-Minimized Structures

  system (energy reference: bridge-hcp on bulk Au)   Δ*E* (meV)
  -------------------------------------------------- --------------------------------------------
  bridge-hcp on bulk Au                              0
  bridge-fcc on bulk Au                              --8.1
  bridge-hcp on relaxed Au                           --316.9[a](#tbl1-fn1){ref-type="table-fn"}
  bridge-fcc on relaxed Au                           --343.0

The -316.9 meV is the energy gained by relaxation of the Au substrate.

The relaxation of the bare Au(111) surface is examined first as a reference point. The top two layers are allowed to relax. We examine the displacement of each atom from its unrelaxed position and the average displacement of each layer. The latter is calculated by averaging the displacement of the 16 Au atoms in each layer. For discussion, we separate the motion of the Au atoms into two components, in the plane of the substrate (in-plane: *xy*-plane) and perpendicular to the plane of the substrate (out-of-plane: along the *z* axis). As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the +*x* direction in the simulation coordinates is along the \[112̅\] crystallographic direction, the +*y* is along the \[1̅10\], and the +*z* is along the \[111\], the surface normal. The average displacement of the Au layers is given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The displacement of the individual atoms is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and magnified 10× for visualization.

![Au(111) surface after relaxation showing the displacement vectors. (a) Top-down view showing the top three Au layers. The top layer atoms (black) are at the vertices of the 3-fold hollow site triangles. The second layer atoms (blue) are below the hcp 3-fold hollow sites (blue triangles), and the third layer atoms (red) are below the fcc 3-fold hollow sites (red triangles). (b) Parallel-view stereo pair of the side view of the relaxed Au substrate. Arrows represent the deviation of the Au atoms compared to their ideal unrelaxed position. The arrow length is magnified 10× for visualization. The atoms are shown in their initial unrelaxed position with the displacement vectors originating from their unrelaxed positions.](ao0c02328_0004){#fig3}

###### Displacement (Å) for the Top Two Au Layers from Their Unrelaxed Positions by Simulation[a](#t2fn1){ref-type="table-fn"}

  system (coordinate reference: unrelaxed Au)   layer       *x̅* (Å)   *y̅* (Å)    *z̅* (Å)
  --------------------------------------------- ----------- --------- ---------- ---------
  relaxed bare Au                               top layer   0.0002    0          0.0571
  second layer                                  0.0202      0.0001    --0.0058   
  bridge-fcc on relaxed Au                      top layer   0.0608    0          0.0718
  second layer                                  --0.0045    0         0.0011     
  bridge-hcp on relaxed Au                      top layer   0.0326    0.0072     0.0715
  second layer                                  --0.0064    0.0017    0.0013     

The net displacement is considered to be zero if it is less than 10^--4^ Å. While we report these numbers, we do not believe that the DFT is accurate to four decimal places. Nevertheless, they have a comparative value.

Relaxation of the bare Au substrate results in significant out-of-plane relaxation as expected ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The slab expands in the \[111\] direction pushing the top Au layer into the vacuum (0.0571 Å), while the second layer moves closer to the third layer (0.0058 Å) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). This expansion is caused by the formation of a surface dipole due to the work function of the Au and the truncation of the lattice. The average in-plane displacement is more than two orders of magnitude smaller than the average out-of-plane motion of the top Au layer. In contrast, the second layer shifts in-plane (0.0202 Å) along the +*x* axis, which we believe to be a simulation artifact. Note that although in nature, the Au(111) surface undergoes the well-known herringbone reconstruction, it is not our intent to simulate that because the reconstruction is lifted by alkanethiol adsorption.^[@ref23]^ Furthermore, simulating the herringbone reconstruction requires a larger (22 × √3) unit cell containing extra surface atoms (46 surface Au atoms in 44 bulk positions).^[@ref24]^

Next, we turn our attention to the Au relaxation in the presence of bridge-adsorbed SCH~3~. The SCH~3~ is initially adsorbed at the bridge site with the S--C bond either hcp- or fcc-oriented. These initial structures relaxed to the bridge-fcc ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) or bridge-hcp sites ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b), respectively. All simulations are started with the Au in the unrelaxed positions similar to the bare Au relaxation with the top two Au layers allowed to relax. The energy difference between the bridge-fcc and bridge-hcp sites increases to 26.1 meV, consistent with previous calculations ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, difference between the last two lines).^[@ref17],[@ref25]^ The average out-of-plane displacement of the top two Au layers is qualitatively similar to the bare Au. The top layer expands about 25% more, while the second layer moved far less in magnitude but in the opposite direction compared to the bare Au, consistent with changes to the work function on adsorption ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).^[@ref25]^ The average in-plane displacements of the first Au layer occur almost exclusively in the +*x* direction for both adsorption sites, an indication of the asymmetry induced by the adsorption of SCH~3~. The bridge-site Au atoms are displaced away from the fcc 3-fold hollow site, although the sulfur atom moves in the opposite directions for bridge-fcc and bridge-hcp sites. The relaxation for the second layer is an order of magnitude smaller in the opposite direction. We expect that the bridge-site mirror plane symmetry should also be manifested in the Au relaxation. This symmetry is well preserved for the bridge-fcc site where the average displacement in *y* is zero (within the floating-point accuracy). In contrast, the bridge-hcp site shows a small asymmetry in *y*. To test if this was a convergence problem, we modified the resultant structure by enforcing the mirror plane symmetry. The simulation was run again using this symmetric initial condition that was now very close to the energy-minimized structure (see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02328/suppl_file/ao0c02328_si_001.pdf) and related discussion). This procedure reproduced the original *y* asymmetry. The nonzero average *y* component for the bridge-hcp is a property of this configuration but may be an artifact of another aspect of the simulation.

![Au atom displacement for SCH~3~ adsorbed at (a) bridge-fcc and (b) bridge-hcp sites. (a1, b1) Top-down view showing the atomic position for the adsorbates on the surface. (a2, a3, b2, b3) Views showing the displacement of the Au atoms due to relaxation. The arrows are magnified 10× for visualization (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} for a detailed description). (a2, b2) Top-down views showing the top three Au layers and their in-plane displacement vectors. (a3, b3) Parallel-view stereo pairs showing all the layers with their relaxation vectors in 3D.](ao0c02328_0005){#fig4}

We explored the effect of relaxing a different number of Au(111) layers (0--4) on the system energy and energy difference between the bridge-fcc and bridge-hcp adsorption sites. This is an important consideration because the substrate relaxation enhances the energy difference between the two sites. The results of this study are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The largest change in system energy occurs with relaxation of the first layer and continues to decrease monotonically. Relaxing more than four layers would require adding more layers to our six-layer slab model. Surprisingly, the energy difference is not very sensitive to the number of layers relaxed. Compared to the two-layer relaxed system already discussed, the energy difference is 1.0 meV smaller for one layer relaxed and 0.5 and 0.2 meV larger for three and four layers relaxed. The displacements of the atoms in each layer with three and four layers relaxed are not remarkably different from only two layers relaxed ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02328/suppl_file/ao0c02328_si_001.pdf)). We conclude that relaxing the top two layers is adequate for this study.

![Effect of the number of relaxed Au layers on the bridge-fcc and bridge-hcp system energies. Dependence of the system energy (*E*) on the number of relaxed Au layers is shown for the bridge-fcc and bridge-hcp sites (left axis). The energy difference between bridge-hcp and bridge-fcc sites is essentially independent on the number of Au layers allowed to relax (within 1 meV) (right axis).](ao0c02328_0006){#fig5}

The van der Waals interactions of the methyl group and the Au surface could introduce an asymmetry between the two sites. In both sites, one of the methyl hydrogens is oriented away from the surface in these energy-minimized structures. Therefore, we would expect the van der Waals interactions to be very similar. We can eliminate this steric effect as the origin of the asymmetry by replacing the methyl group with hydrogen. The energy and structural asymmetry persisted between the hcp- and fcc-oriented SH. The S atom position and Au relaxation were large, as described above. Details of these calculations can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02328/suppl_file/ao0c02328_si_001.pdf). We conclude that the observed geometry is a characteristic of the S atom bonding at the bridge site; the asymmetry is due to the Au surface and not an artifact of nonbonding interaction of the methyl group with the Au surface.

We turn now to the bonding geometry of the S atom. In all cases, Au atoms of the bridge bond relax to increase the angle between the two Au--S bonds, which brings the S atom closer to the surface ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). From another perspective, the S atom bonds to the surface in a manner that forces the bridge-bonded Au atoms to move apart. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the displacement of the individual Au atoms. The height of the S atom is the furthest away from the top layer (S atom to the average *z* coordinate of the top layer Au atoms) for the bridge-hcp and closest for the bridge-fcc. The height difference is 0.0443 Å between bridge-hcp and bridge-fcc, showing that the S atom moves closer to the surface for bridge-fcc due to stronger adsorption. The bond distances between the S atom and the bridging Au atoms (S--Au~1~ and S--Au~2~, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) are symmetric for both the bridge-fcc and bridge-hcp. The bond angle between the bridging atoms and the S atom (Au~2~--S--Au~1~) is within 1° for all cases studied. The Au--S--C bond angles for the methanethiol adsorption are within 106--109°, in agreement with previous results.^[@ref16]^

###### Geometric Parameters of the SCH~3~ Adsorbate[a](#t3fn1){ref-type="table-fn"}

  parameter                     bridge-fcc on relaxed Au   bridge-hcp on relaxed Au
  ----------------------------- -------------------------- --------------------------
  S--top layer (Å)              1.99 \[2.06\]              2.03 \[2.07\]
  S--Au~1~ (Å)                  2.44 \[2.52\]              2.45 \[2.52\]
  S--Au~2~ (Å)                  2.44 \[2.52\]              2.45 \[2.54\]
  Au~1~--Au~2~ (Å)              3.14 \[2.89\]              3.10 \[2.89\]
  Au~2~--S--Au~1~ (°)           79.83 \[69.77\]            78.54 \[69.57\]
  S--C and surface normal (°)   59.44 \[59.76\]            58.71 \[60.25\]
  Au~1~--S--C (°)               106.84 \[110.08\]          108.05 \[108.72\]
  Au~2~--S--C (°)               106.84 \[110.08\]          108.76 \[109.91\]

The values in the square brackets are for the relaxed SCH~3~ on unrelaxed Au.

The preference of the S--C bond azimuthal orientations, hcp for bridge-fcc and fcc for bridge-hcp, can be understood in terms of a simple qualitative chemical picture. By considering the S atom bonding orbitals as approximately sp^3^ hybridized, the S bonds prefer to be oriented in approximately tetrahedral geometries (tetrahedral, pyramidal, and bent). At the bridge site, the S atom is in a 3-coordinate pyramidal bonding geometry, with one bond to each of the bridging atoms and the third to the methyl. The S--C bond is at an angle to the surface normal such that the Au--S--C bond angles are approximately the tetrahedral angle. Only the fcc and hcp orientations satisfy the pyramidal bonding geometry. This picture is also consistent with results for the energy-minimized structures of SCH~3~ adsorbed at 3-fold hollow^[@ref25]^ and atop sites.^[@ref18]^ In the former, the S atom is four-coordinate (tetrahedral), with one bond to each of the three surface Au atoms and the S--C bond normal to the surface. In the latter, the S atom is two-coordinate (bent) with the Au--S--C bond angle again close to the tetrahedral angle. The Au--S--Au bond angles observed are smaller than the tetrahedral angle but are expected to have significant *d* contribution. This qualitative picture gives useful insight into the bonding geometry on Au(111).

Our results demonstrate that the inherent asymmetry of the bridge-fcc and bridge-hcp is amplified by the relaxation of the substrate as demonstrated by the increased difference in adsorption energy and the asymmetric relaxation of the Au surface. We also demonstrate that the energy of an adsorption site depends on the S--C bond azimuth with respect to the underlying substrate. The strength of the energy dependence varies from site to site.

Conclusions {#sec3}
===========

In our study, we have chosen the simplest methanethiol adsorption scenario on the Au(111) substrate without adatoms and/or vacancies to study the asymmetry of the bridge-fcc and bridge-hcp sites and the effect of the substrate relaxation on the asymmetry. The energy of an adsorption site depends on the orientation of the S--C bond. The line scan from the fcc 3-fold hollow site through the bridge site to the hcp 3-fold hollow site shows the inherent bridge-site asymmetry and its dependence on the S--C bond orientation. Then, the bridge-adsorbed SCH~3~ is allowed to relax to its energy-minimized structure, and the S atom moves to the side of the bridge opposite to the methyl group (bridge-fcc and bridge-hcp sites). When the Au surface is also allowed to relax, the SCH~3~ exhibits the same preference for different sides of the bridge, while in both cases, the bridging Au atoms are displaced away from the fcc 3-fold hollow site. The intrinsic energy difference between the bridge-fcc and bridge-hcp sites on the unrelaxed bulk Au substrate is 8.1 meV due to the bridge-site bonding. The energy difference between these two sites is increased to 26.1 meV after the substrate relaxation. The relaxation of the substrate magnifies the intrinsic asymmetry of the bridge-fcc and bridge-hcp sites. The bridging Au atoms are pushed apart during the relaxation by the S atom as the Au--S--Au angle opens up, allowing the S atom to nestle closer to the surface for the bridge-fcc than the bridge-hcp. This asymmetry between these two sites is also evident on the S bond angles and the height of the S atom from the substrate. We also proposed a qualitative model for understanding the S atom bonding geometries and the S--C bond orientation.

Theoretical Methods {#sec4}
===================

Our DFT calculations are performed using the Vienna ab initio simulation package VASP 5.4.4.^[@ref26],[@ref27]^ These calculations are carried out with the Agave system at Arizona State's Research Computing Center. The projector augmented wave (PAW) method density functional is used for the electron--ion interaction along with the Perdew--Burke--Ernzerhof (PBE) exchange functional.^[@ref28],[@ref29]^ The functional is denoted as PAW-PBE, and it is most commonly used to model the adsorption of organic molecules on metal surfaces.^[@ref30]−[@ref32]^ The van der Waals (vdW) forces play an important role in such weakly interacting systems.^[@ref33]^ Therefore, the dispersion correction of Grimme (DFT-D2) is included for more realistic simulation of the interaction between the adsorbate and the Au(111) substrate.^[@ref34]^ A plane wave cutoff of 300 eV is used. We also tested a higher plane wave cutoff of 400 eV. The higher cutoff resulted in only a 1 meV increase in the energy difference between the bridge-fcc site and the bridge-hcp site on the relaxed substrate, from 26.1 to 27.1 meV. The improvement is on the order of the precision of the calculation and is significantly less than the energy difference between the two structures. The Brillouin zone integration is performed using the Monkhorst--Pack sampling with 9 × 9 × 1 Γ-centered *k*-grid for a surface unit cell. Geometries are considered optimized when the Hellmann--Feynman forces on ions are less than 10^--2^ eV Å^--1^. In our fully relaxed structures, the adsorbate atoms are allowed to relax in all directions during the geometry optimization. The top two layers of Au atoms are allowed to relax in our study of substrate relaxation.^[@ref35]^ For the line scan series, we control the azimuthal direction for the S--C bond as the S atom is moved in steps across the unrelaxed Au substrate using selective constraints on the absorbate. The S atom is constrained in the *xy*-plane and allowed to relax in *z* alone to maintain a specified position on the substrate. The C atom is constrained in *y* and allowed to relax in the *xz*-plane. The H atoms are unconstrained. In this way, the Au--S--CH~3~ bond lengths and angles are allowed to relax while the azimuthal orientation of the S--C bond is constrained.

Selecting a set of DFT parameters that closely replicate the Au lattice constant is a natural starting point. An accurate representation of the Au(111) substrate is important to achieve the proper adsorbate interactions. The weighted average of the Au lattice constant of 4.07895(4) Å (25 °C) is experimentally known to much higher accuracy than current DFT results typically yield.^[@ref36],[@ref37]^ The simulated lattice constant depends on the combination of the pseudo-potential, the exchange--correlation functional, and the dispersion correction.^[@ref30],[@ref38],[@ref39]^ Without the dispersion correction, DFT has reported lattice constants as high as 4.18 Å (∼2.5% higher than the experimental value), which results in ∼7.6% lower electron density.^[@ref40]^ To put this large lattice constant into perspective, to achieve this through thermal expansion requires a temperature of 1670 K, well above the melting point of gold ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02328/suppl_file/ao0c02328_si_001.pdf)).^[@ref41]^ Inclusion of the dispersion correction significantly improved the lattice constant (4.094 Å) along with other properties of the Au lattice.^[@ref42]^

To determine suitable DFT functionals for our study, we explored combinations of two pseudo-potentials (PAW and ultrasoft pseudo-potential (USPP)), three exchange functionals (PBE, generalized gradient approximation (GGA), and local density approximation (LDA)), and the D2 correction to determine which produces a lattice constant closest to the experimental value. Following the conventional equation of state approach, single-point energy bulk calculations were performed while varying the unit cell dimensions. The energy versus lattice constant values were fit to a fifth order polynomial ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02328/suppl_file/ao0c02328_si_001.pdf)). The vertex of the resulting curve yields a minimum energy lattice constant for that functional ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). The combination of PAW, PBE, and the D2 dispersion correction yields a lattice constant of 4.10 Å, which is second closest to the experimental value after USPP+LDA. Although the latter combination achieves a closer lattice constant, the LDA functional lacks the accurate representation of more localized and fast varying electron densities in atoms and clusters.^[@ref43]^ Therefore, we chose the PAW+PBE combination with the D3 dispersion for our study.

###### Comparison of the Optimized Au Lattice Constant (Å) for Different DFT Functionals

  PAW+LDA+D2   USPP+LDA+D2   PAW+LDA   USPP+LDA   experiment   PAW+PBE+D2   PAW+GGA+D2   USPP+GGA+D2   PAW+PBE   PAW+GGA   USPP+GGA
  ------------ ------------- --------- ---------- ------------ ------------ ------------ ------------- --------- --------- ----------
  4.01         4.02          4.05      4.07       4.08         4.10         4.12         4.13          4.16      4.18      4.18

The most common recipe for DFT surface studies is to construct a supercell composed of a substrate slab and a vacuum layer. The vacuum layer must be thick enough that the interaction between the periodic images can be neglected (viz. the top of the slab and its adsorbates with the periodic image of the bottom of the slab on the other side of the vacuum layer). However, increasing the volume of the supercell is computationally expensive in the plane wave basis, so the vacuum thickness is limited in practice. A vacuum thickness of 10--15 Å has been found to be a good compromise.^[@ref20],[@ref44]^ The periodic images of the slab in our simulations are separated by 13 Å of vacuum.

The number of Au layers in the slab needs to be large enough to reduce the interaction between the top and the bottom of the slab. Increasing the number of Au layers adds computational expense. There are also symmetry considerations; the fcc structure of the Au lattice has a three-layer ABC stacking along the \[111\] direction ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref45]^ Four layers of Au are adequate to approximate the bulk gold substrate, but for a clean termination of the bulk Au(111), we include six layers to preserve the ABC stacking.^[@ref20],[@ref44],[@ref46]^

We have chosen a (4 × 2√3) rectangular unit cell with 16 Au atoms per layer to provide lateral separation between the adsorbate images and simulate a low adsorption surface density. To minimize the effect of the inter- and intrachain vdW interaction of the adsorbates on the system energy, we have used the shortest alkane chain length (methanethiol, SCH~3~).

Placing an adsorbate on one side of the slab results in an asymmetric charge density with respect to the top and bottom surfaces of the slab. In addition, allowing only the atoms on one side of the slab to relax introduces an analogous asymmetry. Both create a difference in the electrostatic potential at the cell boundary, which produces an artificial electric field in the vacuum region. To compensate, a tunable dipole layer is introduced in the vacuum region of the supercell, which self-consistently compensates for the electrostatic potential difference and nulls the electric field.^[@ref47],[@ref48]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02328](https://pubs.acs.org/doi/10.1021/acsomega.0c02328?goto=supporting-info).Temperature dependence and extrapolation of the Au lattice constant; equation of state calculations for Au; Au atomic displacement with SCH~3~ adsorbed for one, two, three, and four Au(111) layers relaxed; relaxation of the Au(111) surface with adsorbed SH in two orientations; and testing the deviation from bridge-site mirror plane symmetry of the bridge-hcp site Au surface relaxation ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02328/suppl_file/ao0c02328_si_001.pdf))Atomic coordinate files for the DFT computations ([ZIP](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02328/suppl_file/ao0c02328_si_002.zip))
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